The development of value-added ceramic materials deriving only from industrial by-products is particularly interesting from technological, economic, and environmental point of views. In this work, the synergistic sintering of ternary and binary mixtures of fly ash, steelmaking electric arc furnace dust, and ladle furnace slag for the synthesis of compacted ceramics is reported. The sintered specimens' microstructure and mineralogical composition were characterized by SEM-EDS and XRD, respectively. Moreover, the shrinkage, apparent density, water absorption, and Vickers microhardness (HV) were investigated at different sintering temperatures and raw material compositions. The characterization of the sintered compacts revealed the successful consolidation of the ceramic microstructures. According to the experimental findings, the ceramics obtained from fly ash/steel dust mixtures exhibited enhanced properties compared to the other mixtures tested. Moreover, the processing temperature affected the final properties of the produced ceramics. Specifically, a 407% HV increase for EAFD and a 2221% increase for the FA-EAFD mixture were recorded, by increasing the sintering temperature from 1050 to 1150 ∘ C. Likewise, a 972% shrinkage increase for EAFD and a 577% shrinkage increase for the FA-EAFD mixture were recorded, by increasing the sintering temperature from 1050 to 1150 ∘ C. The research results aim at shedding more light on the development of sustainable sintered ceramics from secondary industrial resources towards circular economy.
Introduction
Management and valorization of huge amounts of waste byproducts (solid residues), recovered from industrial activities, still remain a major problem in many countries. In steel industry, the production of 1 ton of steel results in the generation of 2-4 tons of various types of wastes [1] . Therefore, the valorization of solid by-products recovered from steelmaking and metal industries would induce significant economic and environmental benefits [2] . However, the suitable disposal and handling of wastes of this category remain both dangerous and expensive [3, 4] . Three types of solid residues mainly derive from the steel industries, namely, blast furnace slag, steel slag, and electric arc furnace dust. Blast furnace slag and steel slag are being used as competitive raw materials in the mineral and cement industry [1] . Specifically, steel slag is widely used in road and pavement construction materials, while blast furnace slag usage in the cement industry is currently increasing due to the reduction of production cost that is achieved in the final cementitious products. The recycling of electric arc furnace dust (EAFD) is also very important due to the fact that it is one of the major steel industry by-products produced in large quantities worldwide and considered as potentially hazardous [3, 5] . In that sense, various efforts aiming at the effective recycling of EAFD have been proposed. It has been reported that the addition of up to 15% EAFD in the ceramic clay body leads to the production of ceramic specimens with good physical and mechanical properties while the leachability of EAFD lies within acceptable limits [6] . Moreover, clay mixtures with up to 5% EAFD could be effectively used for the production of bricks and roof tiles [7] . On the other hand, coal fly ash (FA) is a fine powder obtained by the electrostatic precipitation of dust-like particles from the flue gases of lignite-fed boilers. In Greece, more than 8 million tons of ash are produced annually from lignite combustion power stations. Specifically, 80% of the total amount of ash derives from the Northern Greece (Region of Western Macedonia), where the main lignite deposits are located. Nowadays, limited amounts of FA are being reused, while more than 80% of the overall FA output is directly deposited into ponds and landfills. However, the contamination from FA deposits can easily occur, because the FA particles usually contain potentially hazardous trace elements (heavy metals) due to their high surface area [8, 9] . Subsequently, there are serious concerns that this situation will possibly cause severe and irreversible long-term environmental effects. In order to avert this environmental impact, the FA valorization in construction and other civil engineering applications should be considered. Several studies were already focused upon the addition of various loadings of FA in clayey mixtures, for the production of conventional extruded or sintered ceramics or even composite materials, destined for construction applications [10] [11] [12] [13] [14] [15] . At the same time, several studies reported the usage of FA for the production of advanced ceramics and composite materials [16, 17] .
As aforementioned, fly ash (FA) and electric arc furnace dust (EAFD) are two of the most abundant industrial byproducts. Since FA and EAFD consist of several oxides, compositionally appropriate mixtures could be used as raw (starting) materials in the ceramic and construction industries. On the other hand, it has been reported that various mixtures including several solid industrial wastes (containing SiO 2 , Al 2 O 3 , and CaO) could be used for the production of ceramics, glass-ceramics, and cement-based materials destined for construction applications [18] [19] [20] [21] . Moreover, residues generated from galvanization and metal finishing processes and containing toxic heavy metals can be thermally treated in the presence of fly ash and/or clay for the immobilization of hazardous agents into novel ceramics to be used in building, construction, and other applications [3, [20] [21] [22] [23] [24] . However, limited works are adverted to the development of sintered ceramics by synergistically using FA and steel industry powdery residues 100% as the raw materials. Karamberi and Moutsatsou reported the production of glass and glass-ceramics from steel and Fe-Ni production slags by vitrification [18] .
In the current research, the development of sintered ceramic compacts consisting of fly ash (FA), electric arc furnace dust (EAFD), and ladle furnace slag (LFS) is reported. The physicomechanical properties of the ceramics produced are studied at different sintering temperatures and raw material mixture compositions.
Experimental
2.1. Raw Materials. EAFD and LFS were obtained from a Greek steel industry, while FA was collected from a lignite-fed power station situated in Northern Greece. All materials were used as-received without any further treatment. The chemical composition of these materials was determined using a Spectro X-Lab 2000 X-ray Fluorescence (XRF) spectrometer. The analysis shows that EAFD contains Fe and Zn oxides, in quantities higher than 50 wt%. Several other oxides of Pb, Ca, Na, Si, Mn, and Mg were also detected in EAFD. LFS mainly contains Fe, Ca, and Si oxides in quantities higher than 80 wt%. Moreover, CaO concentrations higher than 50 wt% were found in LFS, while SiO 2 and Fe and Al oxides are also present. The FA used was a highly calcareous one. The CaO and SiO 2 content (wt%) exceeded 60%, while Al 2 O 3 and Fe 2 O 3 were also detected.
Preparation of Ceramic Compacts.
Mixtures of the asreceived industrial residues (in equal compositions) were prepared. The residue compositions of the specimens prepared for this study are shown in Table 1. The initial mixtures were then compressed into discshaped green compacts (13 mm in diameter) by uniaxial coldpressing in a stainless steel die (SPECAC, 15011). The compaction pressure has been optimized, prior to the fabrication of the final samples, so as to obtain sample having sufficient green density and strength for subsequent handling and thermal treatment. The green specimens were heated at 10 ∘ C/min up to the designated processing (sintering) temperature of 1050 ∘ C or 1150 ∘ C. The samples were then kept at the peak temperature for 2 h. The thermal treatment was carried out in a laboratory chamber furnace, under controlled conditions. Finally, the sintered samples were gradually cooled down to ambient temperature, inside the furnace (Thermoconcept, ΚL06/13). Lower sintering temperature (950 ∘ C) was also tested, but the produced ceramic samples were not successfully consolidated (SEM micrograph is provided in Results and Discussion). Photographs of the initial (nonsintered) and sintered disc-shaped ceramic samples are shown in Figure 1. 
Characterization of Ceramic Compacts.
Phase identification of the ceramic samples was carried out via X-ray diffraction (XRD) measurements (Siemens, Diffractometer D-5000). Microstructural examination of the specimens was realized by Scanning Electron Microscopy (SEM-Jeol, JSM-6400) coupled with Energy Dispersive X-ray Spectroscopy (EDX) analysis. The apparent density was determined by means of a specific apparatus (Shimadzu, SMK401-ΑUW220V) according to the Archimedes principle. Microhardness was measured using a Vickers indenter (Shimadzu, HMV-2T) by applying a load of 200 g (dwell time of 15 s) on the specimen surface. The mean hardness values were calculated over five valid indentations per specimen.
Results and Discussion
XRD measurements were conducted in order to identify the mineralogical phases that are present in the raw materials as well as in the mixtures and the sintered samples as well.
In Figure 2 , the XRD patterns of the sintered samples (at 1050 ∘ C) containing only EAFD, FA, LFS, and the mixture EAFD-FA-LFS are provided. It can be seen from Figure 2 that the sintered samples are composed of several crystalline phases. [25, 26] . It should be noted that most of the crystalline phases identified were also present in the starting raw materials (as-received industrial by-products). However, the thermal treatment of the compacted mixture leads to changes in the intensity of the peaks corresponding to the aforementioned mineralogical phases. The sintered mixture (FA-EAFD-LFS) also contains an amorphous phase, which becomes evident from a hump in the pattern recorded between 2 = 30 ∘ and 2 = 35 ∘ (Figure 2 ). The occurrence of amorphous phase may be mainly ascribed to bloating of LFS particles and secondarily to the aluminosilicate glass which is present in FA [27, 28] .
The role of sintering temperature in the mineralogical phase composition of the samples was also studied with XRD. Specifically, the effect of sintering temperature on the phase composition of the ceramic samples was studied for the FA-EAFD mixture. In Figure 3 , XRD patterns of the sintered (at 1050 ∘ C) FA, EAFD, and its mixture sintered at two different peak temperatures: 1050 and 1150 ∘ C. No significant mineralogical phase changes are observed in the XRD patterns of Figure 3 , with increasing the sintering temperature from 1050 to 1150 ∘ C. SEM-EDS examination sheds light into the surface morphology and the elemental composition of the ceramic samples. In Figures 4(a) 
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(10) (Figure 5(b) ), a more interconnected network with sintering necks can be observed. Some glassy structures are also found especially in this sample (sintered at 1150 ∘ C) (see large areas in Figure 5 (b) without well-specified grain boundaries). This is in good accordance with the occurrence of the amorphous phase in the XRD patterns. Separate FA cenospheres (approximately 1-2 m) were also found inside the ceramic bodies, and both samples seem to be porous (Figures 5(a) and 5(b) ). In Figure 5(c) , an EDS spectrum, taken from the sample area included in Figure 5(a) , is shown. All elements that are present in the EDS spectrum were also represented in the phase composition of the sample identified from the XRD measurements. Similar EDS spectra were obtained from the rest of the ceramic samples.
Various properties were studied in order to assess the performance of the ceramic compacts produced. Volume change, apparent density, water absorption, and Vickers microhardness, are shown in Figures 6(a), 6 (b), 6(c), and 6(d), respectively. FA exhibits a highly positive volume change while EAFD has a highly negative volume change. The positive volume change (expansion) of FA can be attributed to the collapse of the amorphous and crystalline aluminosilicate phases (e.g., MgAl 2 Si 3 O 10 ) contained in FA [29] . The collapse of the silicate phases occurs at temperatures around 950 ∘ C [30] . The positive volume change of FA is more pronounced in the temperature of 1050 ∘ C, while in higher temperatures (1150 ∘ C) this variation is not that evident. On the other hand, the negative volume change (shrinkage) of EAFD can be attributed to the increased densification capability of EAFD due to the sintering of the metal oxides. The negative volume change in EAFD is more pronounced (−30%) at higher temperatures (1150 ∘ C), which is in good agreement with the literature [31] . In the produced mixtures (FA-EAFD and FA-EAFD-LFS), an intermediate behavior (shrinkage or expansion) is observed depending on the FA and EAFD composition in the mixture. The volume change on the mixtures is rather not significant due to the antagonistic effect of FA and EAFD on the volume change.
On the other hand, the apparent density ( Figure 6(b) ) of the materials produced lies in the range of 2.8-3.0 g/cm 3 . Except for FA, by increasing the processing temperature from 1050 to 1150 ∘ C, the apparent density slightly increases. This is also consistent with the SEM observations (Figures 6(a) and  6(b) ), from which a higher densification degree was observed for the mixture processed at the highest temperature (1150 ∘ C). FA is a high specific surface area material, with enhanced absorption capabilities due to its high porosity and surface area [29] . The water absorption (Figure 6(c) ) of FA is much higher than the one of EAFD. Furthermore, the water absorption of FA increases significantly (almost doubles) with a temperature increase from 1050 to 1150 ∘ C. This may be attributed to the removal of preexisting volatile (burnable) matter at higher temperatures [32] . The water absorption of the FA-EAFD and FA-EAFD-LFS mixtures exhibits intermediate values, in the range of 20-30%. However, by increasing the processing temperature (to 1150 ∘ C), the water absorption slightly reduces. The latter should be ascribed to the higher densification degree achieved at higher temperatures and the blockage of sorption sites (pores) which exist in FA.
The Vickers (HV) testing results reveal the important role of EAFD loading in the microhardness of the ceramic compacts. Actually, EAFD should be much harder than the other solid residues used in this study due to its metal oxides content. In that sense, the highest HV values were obtained for the binary mixture (FA-EAFD), as it contains higher EAFD loadings. Much lower HV values were recorded for the ternary mixture (FA-EAFD-LFS). The aforementioned behavior becomes more pronounced at higher temperatures (1150 ∘ C) due to the higher densification degree achieved. Indeed, the hardness of the binary mixture (FA-EAFD) increases from 10 HV to 234 HV by increasing the temperature from 1050 to 1150 ∘ C.
Conclusions
Sustainable ceramic materials deriving from 100% industrial waste by-product mixtures were successfully produced in this study. The elemental and structural analyses (XRF, XRD) indicated that the waste by-products consist in various valuable mineralogical phases (quartz, metal oxides, etc.) that are useful for the production of advanced materials. However, the recorded differences in chemical and mineralogical composition of the secondary resources being used as the raw materials for the production of ceramics should be taken into consideration. Morphological observations via SEM and apparent density measurements denote the successful densification of waste by-products towards the formation of sintered ceramic compacts. Moreover, volume change, water absorption, and microhardness measurements conducted contribute to assess the performance of the ceramics produced. FA and EAFD ratio in the compacted ceramic mixtures seems to play a crucial role in the attained properties. An antagonistic effect of FA and EAFD on the volume change leads to intermediate volume change values for the ceramic mixtures. Furthermore, the addition of FA plays a significant role in the water absorption of the ceramic mixtures. Both the binary (FA-EAFD) and the ternary mixture (FA-EAFD-LFS) exhibit water absorption values lower than 20%, acceptable for traditional ceramics. Nevertheless, the addition of EAFD mainly affected the Vickers microhardness of the compacted ceramic mixtures. Rather significant microhardness values (234 HV) were recorded for the binary (FA-EAFD) ceramic mixture at higher processing temperatures. The processing temperature also influences the other properties examined and the quality of the compacted ceramic mixtures. Consequently, the results presented here indicate that value-added ceramic products can be produced mainly from compacted FA-EAFD by-product mixtures, because these ceramic materials exhibit enhanced physicomechanical properties. Finally, additional properties testing is underway so as to further explore potential fields of technological applications (e.g., insulation), in which the produced ceramics may be used.
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